Epithelial (E)-cadherin and its associated cytoplasmic proteins (␣-, ␤-, and ␥-catenins) are important mediators of epithelial cell-cell adhesion and intracellular signaling. Much evidence exists suggesting a tumor͞invasion suppressor role for E-cadherin, and loss of expression, as well as mutations, has been described in a number of epithelial cancers. To investigate whether E-cadherin gene (CDH1) mutations occur in colorectal cancer, we screened 49 human colon carcinoma cell lines from 43 patients by single-strand conformation polymorphism (SSCP) analysis and direct sequencing. In addition to silent changes, polymorphisms, and intronic variants in a number of the cell lines, we detected frameshift single-base deletions in repeat regions of exon 3 (codons 120 and 126) causing premature truncations at codon 216 in four replication-errorpositive (RER؉) cell lines (LS174T, HCT116, GP2d, and GP5d) derived from 3 patients. In LS174T such a mutation inevitably contributes to its lack of E-cadherin protein expression and function. Transfection of full-length E-cadherin cDNA into LS174T cells enhanced intercellular adhesion, induced differentiation, retarded proliferation, inhibited tumorigenicity, and restored responsiveness to the migratory effects induced by the motogenic trefoil factor 2 (human spasmolytic polypeptide). These results indicate that, although inactivating E-cadherin mutations occur relatively infrequently in colorectal cancer cell lines overall (3͞43 ‫؍‬ 7%), they are more common in cells with an RER؉ phenotype (3͞10 ‫؍‬ 30%) and may contribute to the dysfunction of the E-cadherin-catenin-mediated adhesion͞sig-naling system commonly seen in these tumors. These results also indicate that normal E-cadherin-mediated cell adhesion can restore the ability of colonic tumor cells to respond to trefoil factor 2.
Cell-to-cell adhesion plays a critical role in the development and maintenance of complex differentiated epithelial tissues and structures in multicellular organisms. Interference with cell attachment, independence of growth control, and increased migration have long been implicated during the neoplastic process (1, 2) . It is now apparent that the hallmarks of epithelial malignancy, that is to say, uncontrolled proliferation, derangement of cellular and morphological differentiation, invasion, and colonization to distant organs, can be explained, at least in part, by alterations in the adhesive properties of neoplastic cells.
The cadherins constitute a large family of calcium-dependent cell adhesion molecules (3) . The human epithelial (E)-cadherin gene (CDH1) maps to chromosome 16q22 and encompasses 16 exons (4) . It encodes a 120-kDa transmembrane glycoprotein (5) that localizes mainly to the zonula adherens junctions and serves as the prime mediator of epithelial cell-to-cell adhesion through homotypic interactions of its extracellular domain. E-cadherin's cytoplasmic carboxyl tail links to the actin microfilament network of the cellular cytoskeleton through a group of closely related but distinct membrane undercoat proteins, termed the catenins (␣, ␤, and ␥) (6, 7) . Such binding is essential for the adhesive function of E-cadherin (8) . The catenins also act as important components of intracellular signal transduction pathways and have been found to associate with molecules that have growth-regulatory and signaling functions, such as the epidermal growth factor (EGF) receptor (9) , the oncogene c-erbB2 (10) , the product of the adenomatous polyposis coli (APC) tumor suppressor gene (11) , the negative regulator of the wnt-signaling pathway, axin, and the Tcf-Lef transcription factors (12) . APC competes directly with E-cadherin for binding to ␤-catenin (13) and may, therefore, be an indirect regulator of E-cadherin-mediated adhesion. Mutations in APC and ␤-catenin are common events during colorectal cancer and affect the stoichiometric balance between the various catenin complexes.
A number of studies have confirmed that structural and functional integrity of the components of the E-cadherin͞catenin complex are necessary not only during cell adhesion but also during embryogenesis, normal cell cycling, polarization, and differentiation (14) . Furthermore, perturbation of E-cadherin͞ catenin-mediated cell adhesion is associated with cell migration and the early reparative response of epithelial restitution after mucosal ulceration in inflammatory bowel disease (15) . Cell-cell junctional proteins, when promoting cell motility, appear to be common targets for soluble growth factors and cytokines, such as the epidermal growth factor (EGF), the transforming growth factor ␣ (TGF␣), the hepatocyte growth factor͞scatter factor (HGF͞SF), as well as the trefoil peptides [pS2, intestinal trefoil factor, and human spasmolytic polypeptide (hSP)] (16).
Loss of function or expression of any of the E-cadherin͞catenin complex components appears to be associated with loss of epithelial differentiation and normal tissue architecture and the acquisition of a motile, invasive phenotype (14) . Abnormalities in the expression and cellular localization of E-cadherin are frequently associated with high tumor grade, infiltrative growth, and lymph node metastasis in a variety of human malignancies, including prostate, breast, bladder, pancreas, stomach, and colon tumors (17) (18) (19) (20) (21) .
There are overwhelming genetic data to support the role of E-cadherin as a tumor͞invasion suppressor in epithelial cells. Loss of heterozygosity on 16q is detected frequently in metastasizing malignancies derived from the liver, prostate, and
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breast (22) (23) (24) . Mutations in CDH1 have been described in a number of human cancers, including breast, stomach, endometrium, ovary, and thyroid (25) . Inactivating mutations are commonly found in two histological subtypes of poorly cohesive tumors, namely lobular breast and diffuse-type gastric carcinomas (26, 27) . It has also been shown that loss of E-cadherin expression in a transgenic mouse model is associated with the development of invasive carcinoma from well differentiated adenomas (28) . In addition, germ-line mutations have recently been reported in two studies of early-onset, diffuse-type stomach cancers (29, 30) .
Despite many studies documenting loss of E-cadherin expression in colorectal cancer (21, 31, 32) , reports of allelic loss at the CDH1 locus have been rare and, to our knowledge, no mutations have been described. In this study we screened a panel of 49 human colorectal carcinoma cell lines, derived from 43 patients, for mutations in all of the E-cadherin exons and the corresponding intron-exon junctions. Having identified a truncating mutation in LS174T (along with a splice site mutation), which lacks E-cadherin protein expression, we introduced full-length Ecadherin cDNA into the cell line to examine the effects on adhesion, differentiation, proliferation, tumorigenicity, and cytokine-stimulated migration.
MATERIALS AND METHODS
Cell Lines, Tissue Culture, and DNA Extraction. The 49 human colorectal carcinoma cell lines derived from 43 patients used in this study are listed in Table 1 . Cells were maintained in 25-cm 2 sterile Falcon tissue culture flasks (Becton Dickinson) in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) at 37°C in a 10% CO 2 ͞90% air atmosphere. Genomic DNA was extracted by standard techniques.
Monoclonal Antibodies and hSP. A mouse monoclonal antibody against human E-cadherin (HECD-1) was kindly provided by M. Takeichi (Kyoto University, Kyoto, Japan), and the antimouse E-cadherin antibodies (ECCD-2 and DECMA-1) were obtained from Takara Shuzo (Kyoto) and Sigma (U.K.), respectively. Purified mouse monoclonal antibodies against human ␣-, ␤-, and ␥-catenins were obtained from Transduction Laboratories (Lexington, KY).
Recombinant hSP was produced in a yeast vector system and purified as described previously (33) . On the basis of our previous experience regarding its activity (34) , the glycosylated form of hSP was used in this study at a dose of 100 mg͞ml (6.8 mM).
Polymerase Chain Reaction (PCR) Amplification. Using previously described intron-complementary primers, we amplified all 16 exons (including the intron-exon boundaries) of the E-cadherin gene. All reactions were carried out in a total volume of 50 l with final reaction concentrations of 1ϫ standard PCR buffer (Promega), 200 mM dNTPs, 1.5 mM Mg 2ϩ , 0.2 mM each primer, and 1 unit of Taq DNA polymerase. Because of the high GϩC content of exon 1, 5% (vol͞vol) dimethyl sulfoxide was added and an annealing temperature of 70°C was used. To reduce the size of the amplicon spanning exons 4-5 [to a size appropriate for single-strand conformational polymorphism (SSCP) analysis], the PCR product was digested by adding 2 units of RsaI enzyme to the PCR mixture and incubating at 37°C for 2 h.
SSCP Analysis. This analysis was performed as previously described (35) . To evaluate whether any observed SSCP band shifts in the cell lines were polymorphisms, we screened 89 samples of genomic DNA prepared from the peripheral blood of random human controls, in the regions of interest.
Direct Sequencing of the E-Cadherin Gene. The nucleotide sequences of the PCR products showing an abnormal electrophoretic mobility on SSCP analysis were determined by direct sequencing. The sequences obtained from our experiments were compared with the published sequences of the E-cadherin exons (GenBank accession nos. D49685 and Z35402-Z35415) by using SEQUENCHER 3.0 software (Applied Biosystems). 
?, Borderline RER; A, intron 4 ϩ 10 gtagagaaag 3 gtagagaaac; B, codon 692 GCC 3 GCT Ala 3 Ala; C, codon 751 AAC 3 AAT Asn 3 Asn; ‫,ء‬ homozygous.
Determination of the Replication-Error (RER) Status of the Cell Lines.
To determine the RER status of the cell lines, we amplified BAT-26 (36), a single poly(A) tract, by using fluorescently labeled primers and PCR conditions similar to those previously described. Three microliters of diluted (1:10) PCR product were combined with 2 l of formamide loading buffer and 0.5 l of Rox size standard. This mixture was denatured at 96°C for 5 min and quenched on ice prior to gel loading (4.25% denaturing acrylamide) on a 377 Prism fluorescence-based, semiautomated DNA sequencer (Applied Biosystems). Results were analyzed with GENESCAN software (version 2.0.2). All PCRs and analyses were repeated at least in duplicate; any cell lines presenting ambiguous results were further investigated with BAT-25; and all RERϩ designations were confirmed by using the CA repeat marker D15S58.
Transfection of Mouse E-Cadherin cDNA into LS174T Cells. LS174T cells were cotransfected with mouse full-length Ecadherin cDNA in the expression plasmid pBATEM2 (kind gift from M. Takeichi) together with the hygromycin-resistant gene in the expression plasmid pBabeHygro (37) using the Lipofectin reagent (GIBCO͞BRL). pBabeHygro was transfected simultaneously to serve as a vector control. Cultures were selected in 0.8 mg͞ml hygromycin B (Boehringer, U.K.). Resistant colonies were ring-cloned from the cultures for analysis and tested for mycoplasma.
Western Blotting, Immunoprecipitation, and Immunofluorescence. These procedures were performed as described previously (38) (see Fig. 1A ).
Cell-Cell Aggregation Assay. This assay was performed as described previously (39) . The degree of cell-cell adhesion was evaluated by calculating the cell aggregation index N t ͞N 0 , where N 0 is the total number of single cells before incubation and N t is the total number of single cells after incubation for t min (N t ͞N 0 ϭ 1: no cell-cell adhesion; N t ͞N 0 Ͻ 1: specific cell-cell adhesion). For the blocking experiment, LSBAT17 (transfected LS174T) cells were preincubated with the antibody DECMA-1 (20 g͞ml) for 1 hr before the assay.
Growth in Soft Agar. Autoclaved agar (1.6%; Sigma) was mixed with an equal volume of 2ϫ DMEM͞20% FCS and plated onto 35-mm Petri dishes (Nunc). Cells (5 ϫ 10 4 ) were resuspended in 0.6% autoclaved agar and mixed with an equal volume of 2ϫ DMEM͞20% FCS before they were overlaid on the basal gel. After 14 days of culture at 37°C in a 10% CO 2 atmosphere, the colonies (Ͼ30 cells) were counted under a phase-contrast microscope (Olympus). Triplicate dishes were used in each experiment.
Three-Dimensional Collagen Gel Assay. This assay was performed as previously described (40) . After 4-10 days, the gels were fixed with 10% neutral buffered formalin, embedded in paraffin, cut into 5-m sections, and stained with hematoxylin͞ eosin.
Production of Xenograft Tumors. Congenitally athymic female nude mice between 5 and 6 weeks old were used (Clare Hall Laboratories, Imperial Cancer Research Fund). Approximately 10 6 cells of the E-cadherin transfectant cell line (LSBAT17) or the parental cell line (LS174T) were resuspended in 0.2 ml of phosphate-buffered saline (PBS) and inoculated into one subcutaneous site on each mouse. Six mice were used for each cell line. Tumor masses were measured every other week until 35 weeks. Student's t test was performed to analyze the significance of the difference between the LS174T and LSBAT17 cell groups.
Transwell Motility Assay. Falcon transwell chemotaxis chambers (Becton Dickinson) with 12-mm-diameter, 8-m pore polycarbonate filters were used for the assay. Cells (1 ϫ 10 5 ) from the above cell lines, suspended in 1.0 ml of DMEM͞2% FCS, were added to the upper chamber, and 1.0 ml of DMEM͞2% FCS containing 100 g of recombinant hSP was placed in the lower compartment. Wells in which the lower part was filled with culture medium alone were used as controls. Cells were incubated for 72 hr and each experiment was performed in triplicate. At the end of the incubation, the nonmotile cells on the upper surface of the filter were completely removed by wiping with a cotton swab. The filters containing the migrated cells were fixed in methanol, stained in Diff-Quick (Baxter Diagnostics), and mounted on glass slides. Migrated cells were counted across two diameters and values are expressed as a percentage of the total number of cells seeded in the upper compartment.
RESULTS
SSCP and Sequence Analysis. We detected exon 3 frameshift deletion mutations causing a downstream premature stop (TGA) at codon 216 in four cell lines. In LS174T and the GP2d and GP5d cells (which displayed similar SSCP band shifts and come from the same patient, Fig. 2 ) this stop codon was produced by a single-base deletion in a C 6 tract at codon 126; in HCT116 it was caused by a single-base deletion in a G 4 tract at codon 120 (Table  1) . In all cases, the presence of the wild-type sequence indicates that these cell lines are heterozygous for their respective mutations. No similar bandshifts were detected in exon 3 in the 89 human random controls examined. A single base substitution (ACGgtaa 3 ACGataa) at the exon 8 splice donor site was also detected in LS174T, and it was presumed that this was the ''second hit. '' In COLO201, COLO205, and COLO206, all of which are derived from the same patient and grow as semi-adherent lines, we detected a heterozygous two-base deletion in a C 4 tract of intron 1 (12 bases in from exon 1). Again the corresponding SSCP band shift was not present in control samples.
We also identified various polymorphisms in a number of our cell lines and in our human random controls. These genetic variants included an intron 4 change (gtagagaaag 3 gtagagaaac), an intron 12 alteration (att 3 act), and silent changes in exon 13 at codon 692 (GCT 3 GCC; Ala 3 Ala) and in exon 14 at codon 751 (AAC 3 AAT; Asn 3 Asn). The polymorphic variants in intron 4 and at codons 692 and 751 have been described by other groups (26, 27, 41) . It is worth noting that in one of our human random controls, we also detected a substitution (GCA 3 TCA) in exon 13 at codon 698 causing an Ala-to-Ser amino acid change. It would be interesting to establish whether this might be associated, for example, with any increased risk of colon cancer as is the case of the APC missense variants (42) .
RER Status of the Cell Lines. The RER statuses of the cell lines are listed in Table 1 . Using BAT-26, we were able to classify our cell lines into three groups: RERϩ, RERϪ, and borderline. These results are in agreement with previous published papers on the RER status in some of the above cell lines. Twenty-three percent of our cell lines are RERϩ, including the four lines with the exon 3 CDH1 frameshift deletions.
Expression of Mouse E-Cadherin cDNA in Human Colorectal Carcinoma Cells. HCT116, GP2d, and GP5d have been shown to express the E-cadherin protein, whereas LS174T has been shown to be E-cadherin negative. For this reason the LS174T cell line was selected for wild-type E-cadherin transfection. Twenty-one colonies of E-cadherin transfectants were isolated after selection in hygromycin B, and three clones (LSBAT1, LSBAT10, and LSBAT17) proved to be positive by Western blotting, immunofluorescence, and Southern blotting (data not shown) for stable integration and expression of the E-cadherin expression vector.
All three cell lines were tested and found to be negative for mycoplasma contamination. LSBAT17 cells expressed higher levels of E-cadherin than the other two colonies of transfectants (LSBAT1 and -10). This finding was confirmed by fluorescenceactivated cell sorting (FACS) analysis (data not shown). Positive cells in the LSBAT17 cell line were increased by 70% after two cycles of immunofluorescence-labeled cell sorting. Therefore the LSBAT17 cell line was selected for further experiments.
Intercellular Adhesion of E-Cadherin Transfectants. To investigate the function of exogenous E-cadherin in the transfectants, intercellular adhesion was determined with a cell-cell aggregation assay. The number of single cells in LSBAT17 decreased after incubation for 1 hr, indicating that intercellular adhesion was enhanced in these cells. This increased cell-cell adhesion was inhibited by blocking with anti-mouse E-cadherin antibody DECMA-1, implying that the exogenous E-cadherin was functional. The control transfected cell line LSHyg did not show changes in intercellular adhesion (Fig. 1B) .
Induction and Redistribution of Catenin Expression in ECadherin Transfectants.
To evaluate whether transfection of E-cadherin altered the expression of endogenous catenins, ␣-, ␤-, and ␥-catenin localization was evaluated by immunofluorescence staining (Fig. 1C) . LSBAT17 cells showed membranous expression of ␣-catenin, whereas the control transfectants LSHyg did not express ␣-catenin. LSBAT17 cells showed ␤-catenin intercellular staining compared with the LSHyg vector control, which expressed only low levels of ␤-catenin in the cytoplasm. There were similar low levels of ␥-catenin expression in LSBAT17 and LSHyg cells.
Induction of Cell Polarity of E-Cadherin Transfectants in Collagen Gel. To evaluate whether transfection of E-cadherin can alter morphology, the E-cadherin transfectants LSBAT17 and parental cell line LS174T were grown in three-dimensional collagen gel and monolayer culture. The LS174T cell line showed poorly differentiated and unpolarized morphology with a poorly cohesive growth pattern under both conditions. In contrast, the E-cadherin transfectant LSBAT17 cells were more cohesive and tightly connected with each other in monolayer, and formed well organized, cohesive aggregates with polarization of nuclei toward the periphery in a collagen gel (data not shown).
Growth of E-Cadherin Transfectants in Soft Agar. LSBAT17 and the vector control LSHyg cells were grown in anchorageindependent (soft agar) conditions. The number of colonies in LSBAT17 cells showed a 2.7-fold reduction compared with LSHyg cells. Inhibition of cell growth was confirmed in anchorage-dependent conditions by using a colorimetric assay (data not shown).
Inhibition of Tumorigenicity in E-Cadherin Transfectants in Nude Mice. To further evaluate the effect of E-cadherin on tumorigenicity the LSBAT17 and LS174T cells were injected into nude mice. The tumor volume of the E-cadherin transfectant LSBAT17 group significantly decreased in comparison with the parental cell line LS174T group at day 14 (P ϭ 0.004) and day 35 (P ϭ 0.004). The results are summarized in Table 2 .
Transwell Motility Assay. We have previously shown that LS174T cells are unresponsive to the migratory effects of hSP (34) . To investigate whether transfection of wild type E-cadherin gene restored the hSP responsiveness, LSBAT17 and LSHyg cells were incubated with hSP. After 72 hr of incubation less than 5% of control cells migrated through the filters. Addition of recombinant hSP resulted in migration of 75% of the E-cadherinpositive HT29 cells (P Ͻ 0.001). There were no differences in the proportion (5%) of migrated LS174T cells as compared with the controls (P ϭ 1.0). However, transfection of this cell line with E-cadherin cDNA increased cell migration significantly. At the final time point, 85% of LSBAT17 cells had migrated through the membrane (P Ͻ 0.001). These findings suggest that the stimulatory effect of hSP is associated with E-cadherin expression (Fig. 1D) .
DISCUSSION
In this study, we screened 49 human colorectal cancer cell lines derived from 43 patients for E-cadherin mutations. Single-base deletion mutations were found in nucleotide repeat regions at codons 120 and 126, resulting in frameshifts and premature stops in four RERϩ colorectal cancer cell lines (LS174T, HCT116, GP2d, and GP5d) derived from three patients. These truncations lie in the N-terminal, extracellular domain of the protein and are predicted to generate small, secreted E-cadherin fragments with loss of surface expression and no cellular adhesive capacity. Such small products may even interfere with the normal function of full-length E-cadherin molecules. These frameshift mutations were present as heterozygotes, although an additional single-base substitution was detected at the exon 8 splice donor site in LS174T, with apparent retention of a wild-type allele in HCT116, GP2d, and GP5d. It is not clear whether the presumed haploinsufficiency in the latter cases has any function, such as selective significance, or whether the mutations in these lines are simply bystanders due to their RERϩ status. A single-nucleotide insertion mutation, in the same C 6 region where the deletions in LS174T, GP2d, and GP5d are found, and unaccompanied by allelic loss, has been described in endometrial cancer (41) .
Overall our results suggest that inactivating E-cadherin mutations are not common genetic mechanisms in colorectal tumorigenesis. Only 7% (3͞43) of the cell lines from different patients exhibited such events, and in only one allele for two of them. The fact that E-cadherin expression and function is often perturbed in colorectal cancer may be explained by nonmutational mechanisms such as transcriptional inactivation of the gene as a result of aberrant CpG methylation (43, 44) around the promoter region or through disruption of other members of the E-cadherin͞ catenin complex, such as aberrant tyrosine phosphorylation of ␤-catenin (45).
Our results do indicate, however, that inactivating E-cadherin mutations occur relatively frequently in a subset of colorectal tumors, namely those with an RERϩ phenotype (3͞10 ϭ 30%). Ten to 20% of sporadic colorectal cancers, and nearly all hereditary non-polyposis colorectal cancers (HNPCC) have DNA mismatch repair defects, leading to replication errors (RERs) (46, 47) . It has also been suggested that RERϩ tumors follow a slightly different pathway than RERϪ tumors. Mutations in genes with mononucleotide repeat sequences, such as TGF␤RII, have already been described (48) , though their functional consequences are not clear (49) . The presence of a region in the CDH1 gene susceptible to mutation in RERϩ tumors may increase the probability of functionally relevant E-cadherin changes in these as compared with RERϪ tumors. Since frequent E-cadherin mutations have been described in a subset of sporadic breast and gastric tumors (26, 27)-i.e., lobular breast and diffuse gastric-it will be also worth investigating colorectal carcinomas with similarly poorly cohesive histological features, such as signet cell, mucinous, and ulcerative-colitis-associated cancers for Ecadherin mutations and expression. Cases of down-regulation of E-cadherin without mutations in CDH1 may, of course be due to, for example, methylation of key CpG sites in the promoter region. The frameshift and splice-site mutations in the CDH1 gene in LS174T clearly explain its lack of E-cadherin protein expression. The reversal of LS174T to an essentially nontransformed phenotype after transfection of the CDH1 gene, and so expression of E-cadherin, confirms the functional significance of these changes for the evolution of the tumor from which LS174T was derived. It is notable that LS174T has no APC mutation, which suggests that in this tumor the E-cadherin change may have been an alternative to APC expression loss.
The dependence of the stimulatory effect of hSP on cell migration and E-cadherin expression suggests another cell property that may be relevant to tumorigenesis which is altered by changes in E-cadherin expression.
In conclusion, our data lend further support to the important invasion͞tumor-suppressor role of E-cadherin and emphasizes the case for further investigation of the role of E-cadherin changes in specific subtypes of tumors.
